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Note 1:  Uncontrolled copy printed from electronic master that is valid at time of printing.  

Always check that you have the latest revision of this document before use. 

 

Note2:  Leave no blanks.  Indicate ‘Not Applicable (N/A)’, where appropriate. 

 

Title and Preparer 

RaDIATE Material Irradiation at 181 MeV 

N. Simos 

 

Instructions 

Description Page No. 

1. Overview [short summary of purpose of experiment; name of principle 

investigator and researcher involved] 

4 

2. Target Material and Properties – [Provide physical properties of each 

component/material to be irradiated] 

5-9 

3. Target Canning Process – [provide images or drawings and reference the 

OPM procedures for closing and opening of target can] 

10 

4. Beam Characteristics [define required beam on target and total current 

required] 

11 

5. Proposed Experiment  

 [Provide general description of a) how target will be supplied BLIP, b) target 

array in box 1 and box 2; c) thermal analysis of target material and target can 

d) transport of irradiated target to TPL; target opening and processing at TPL 

and e) disposal of waste.  List persons responsible for conducting each task.  

If others are required to assist in the research irradiation, define level of skill 

of staff and contact time.] 

 

a. Procedure for Irradiation of Target Material BLIP [Summarize steps 

for experiment including specialist and contact hours required for task] 

 

b. Target Array [Define proposed target array for box 1 and box 2 including 

SRIM calculated entry and exit energy for each layer.  Provide physical 

dimension of degraders, target can, materials and water gaps] 

 

c. Thermal Analysis of Target Materials and Target Can [Provide full 

description of data provide to specialist for calculations and any 
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assumption made on material for calculations] 

d. Transport and Processing at TPL [Provide full description of task 

involved and responsible persons and contact hours required] 

 

e. Disposal of waste. [describe waste to be generated and how it will be 

disposed of] 

 

6. Activation Analysis of Target Material and Can [Provide full list of 

radionuclide produced and quantities, references used for calculations, as 

well as decay profiles if the dose rates exceed limit for removal from BLIP 

hot-cell.  Ensure Health Physics has reviewed data and confirms decay 

requirement if they are dose related.  Attach analyses if any.] 

 

a. Radioactivity of each nuclide at end of bombardment (EOB), at 8 

hours and 24 hours post EOB. 

 

7. Expected Dose Rate (e.g., R/h at 1 m) [provide expected dose rate using 

Microshield or equivalent calculations for the combined and separate target 

and can irradiated.  Provide expected dose rate at EOB at BLIP and expected 

dose rate when delivered to TPL]  

 

8. Additional Safety Requirements [address hazardous issues related to 

volatiles and or corrosive materials used and any additional equipment 

required for this experiment; hazardous materials information must be 

submitted to the C-AD ESSHQ Division Head for concurrence ] 

n/a 

9. Special Operating Instructions and List of References or Supporting 

Documents 

n/a 

10. Appendix [ provide additional support information as required]  
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1. Overview 

 

RaDiATE Experiment at 181 MeV 

We propose to irradiate an array of materials that are of interest to a number of accelerator facilities 

around the world and are part of the RaDiATE collaboration for eight (possibly nine weeks if the 

schedule of the 2017 BLIP run allows) total at 181 MeV beam energy and 165 µA beam current. 

Several research institutions from around the world are part of the RaDiATE collaboration and part of this 

experiment. The institutions involved (besides BNL) are:  

From the US: Fermi National Laboratory, FRIB, PNNL and Los Alamos National Laboratory  

International Institutes participating in the experiment: CERN, European Spallation Source (ESS), J-

PARC (Japan), Rutherford-Appleton Laboratory (UK) 

 

This proposed irradiation experiment is assessed to have no adverse effect on the ongoing isotope 

production downstream of the position of the research array that will be placed upstream of the isotope 

target array. 

 

The irradiation will consist of two (2) distinct phases: Phase I of the experiment represents the first six (6) 

weeks of irradiation and Phase II the remaining two (or if the schedule allows three) weeks of irradiation. 

Phase I and II are distinct because of the slight re-configuration of the target array. During Phase I the 6
th
 

position of the array will be occupied by a thin target capsule containing Ti6Al4V specimens. During 

Phase II the Ti6Al4V capsule in the 6
th
 position will be replaced by a high-Z target capsule (named as 

TZM) provided by CERN and which contains layers of specimens made of TZM, Iridium, CuCrZr and 

graphite. The two arrays are equivalent in terms of proton beam energy degradation. 

 

Following the completion of irradiation at BLIP and cooling time sufficient for transport, some capsules 

(total 4 out of 7) will be shipped un-opened directly to PNNL for opening in their hot cells and the three 

(3) remaining to Building 801 hot cells (TPL), the target array by standard procedures. Special shipping 

provisions of approved Type-A shipping casks for the transporting the irradiated capsules to PNNL have 

been made, with the identified cask already at BNL Waste Management Division and conditioned for 

loading and transport.  

The three capsules that will be transported to TPL hot cells following standard procedures will be opened 

in the TPL hot cells and the samples will be sorted and will undergo post-irradiation evaluation (PIE). 

 

Of primary interest for the 181-MeV proton irradiation and for fluences reaching 6.0 10
20

 p/cm
2 

will be 

the changes induced on key physio-mechanical properties that include (a) resistivity, (b) thermal 

conductivity, (c) dimensional changes and thermal expansion, (d) stress-strain behaviour and ductility loss 

and (e) thermal annealing characteristics, all crucial parameters for the various test materials considered 

for the various applications.  

Each of the two research arrays (Phase I and II) will consist of six capsules in the path of the proton beam 

along with a vacuum degrader in the 7
th
 position. The role of the vacuum degrader will be two-fold; one 

to displace cooling water from the path of the beam and the second to provide final adjustment of the 

proton energy so the isotope producing targets placed in the box downstream will see the same energy as 

when they normally operate at the 118 MeV mode.  
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Phase I will of irradiation duration of six (2) weeks and will include the following six capsules in series 

designated by the contents: 

 

1. Beryllium Capsule (Fermilab) 

2. Graphite Capsule (Fermilab) containing 3 graphite grades and a layer of 3D carbon fibre composite) 

3. SiC Capsule (CERN) containing a layer of Silicon between two (2) graphite layers (IG430 and 

SIGRAFLEX) 

4. Aluminum Capsule (European Spallation Source, ESS) – containing two layers of Aluminum grades 

AL6061-T6 and AL57540-O 

5. Titanium Capsule (Fermilab-FRIB) – Containing several layers of Ti6Al4V 

 

6. Titanium Capsule (Fermilab, FRIB, J-PARC) – Containing several layers of Ti6Al4V 

 

Figure 1.1a depicts the array configuration of Phase I (first 6 weeks) of the 8-week long irradiation and 

Fig. 1.1b the Phase II (remaining 2, possibly 3 weeks).  

 

 

Figure 1:1a:  Layout cross-section of target capsules/layers in Box1 of BLIP for Phase I irradiation 
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Figure 1:1b:  Layout cross-section of target capsules/layers in Box1 of BLIP for Phase II irradiation 

 

Upon completion of Phase I (six-week irradiation) the high-Z Capsule (CERN) will replace the second 

Ti6Al4V (Fermilab-FRIB) capsule in from the array, along with the vacuum degrader that is in the 7
th
 

position and will be replaced with a second le and a new degrader designed specifically to match the 

energy degradation of the removed Iridium (CERN) capsule and the vacuum degrader of Phase I. 

The high-Z capsule provided by CERN contains a thin layer (0.1mm) of Panasonic graphite, a 0.5mm 

thick layer of Cu-Cr-Zr, a 0.5mm thick layer of TZM (molybdenum) and a 0.5mm thick layer of Iridium. 

Phase II Irradiation will run for the remaining two (possibly three) weeks. As a result of this irradiation 

scheme the TZM (CERN) capsule will be irradiated for a total of two (possibly three) weeks depending 

on the scheduled irradiation activities at BLIP towards the end of the 2017 run.  

 

The proposed scenario of six weeks followed by 2 weeks has been adopted to minimize the dose at the 

BLIP hot cell during the exchange of targets and to allow for the end of irradiation to coincide with the 

end of the 2017 run. The latter will permit for the entire array that contains the high-Z (TZM) capsule to 

stay in place and decay for a long period (several months) without interfering with BLIP operations since 

the 2017 run will be over. After several months of decay in place, first the TZM capsule will be 

transported directly to Waste Management where it will be packaged within the Type A transport cask 

and shipped to PNNL. Upon return of the Type-A cask to BNL, three additional capsules from the array 

(Be, Si, Alum) will be packaged in the cask together and shipped to PNNL. Opening of the TZM, Be, Si 

and Alum capsules and retrieval of samples for post-irradiation evaluation (PIE) will take place at PNNL.  

 

The remaining three (3) capsules (Graphite, Ti6Al4V #1&2) will be transported to TPL Hot Cells (Bldg. 

801) using standard procedures and the BLIP large cask (pig) where they will be opened and sorted for 

subsequent PIE analysis. The graphite Capsule (#2) and Titanium (#5 and #6) will be opened at the TPL 

and will be moved to 66C Hot Cell for sorting and post-irradiation analysis at BNL Hot Cell and NSLS II 

facilities. 
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Target Capsule – Be-Fermilab 

Target Name: FNAL_Be Target & Canning No. 

Assign unique no. (2017-001) 

 

Target Material Properties (Beryllium) 

Purity or Grade  99.95% 

Chemical Formula Be 

Physical Characteristics at 

 70 
o
F or 21 

o
C 

Grey metal, odorless, tasteless 

Physical Form Foil yes Powder no 

Diameter 

(inches/mm) 

2.375/60.325 Pressed 

(Torr) 

n/a 

Elements (%) Be 

Melting Point 1287 
o
C  

o
F 

Boiling Point 2468 
o
C  

o
F 

Thermal Conductivity  200 W.m
-1

.K
-1

 Temperature 

dependence  

(if available) n/a 

Density 1.85  g/cm3 g/cm
3
 

Specific Heat 1107 J/kg.K 

Target Material Reactions / Properties 

Does the Target material 

react with any of the 

following? 

Aluminium no Air no CO2   no 

H2O insoluble Lead no Zinc no 

Inconel 600 no S/Steel no Copper no 

Canning Material Properties 

Chemical Formula 304 Stainless Steel 

Can Wall Thickness (inches/mm) 0.009/0.2286 

Can Dimensions (inches/mm)   Can Diameter 2.75/69.9   Can Width 0.333/8.4572 

Melting Point 1424 
o
C

 
2600 

o
F 

Thermal Conductivity  16.2 W.m
-1

.K
-1

 

 

Temperature 

dependence  

(if available) 16.2@100
0
C, 

21.4@500
0
C 

Density 8 g/cm
3
 

Specific Heat 500 J/kg.K 
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Target Capsule #2: Graphite_Fermilab 

Target Name: FNAL_Gr Target & Canning No. 

Assign unique no. (2017-002) 

 

Target Material Properties (Graphite grades and Carbon-fibre composite) 

Purity or Grade  99.5% 

Chemical Formula GR 3DCC (three dimensional carbon-carbon composite) 

Physical Characteristics at 

 70 
o
F or 21 

o
C 

Black, odorless, tasteless 

Physical Form Foil yes Powder no 

Diameter 

(inches/mm) 

2.375/60.325 Pressed 

(Torr) 

n/a 

Elements (%) Graphite (Carbon) 

Melting Point N/A 
o
C  

o
F 

Boiling Point N/A 
o
C  

o
F 

Thermal Conductivity  950 W.m
-1

.K
-1

 Temperature 

dependence  

(if available) n/a 

Density Range 1.0-2.1(different layers) g/cm
3
 

Specific Heat 710 J/kg.K 

Target Material Reactions / Properties 

Does the Target material 

react with any of the 

following? 

Aluminium no Air no CO2   no 

H2O insoluble Lead no Zinc no 

Inconel 600 no S/Steel no Copper no 

Canning Material Properties 

Chemical Formula 304 Stainless 

Can Wall Thickness (inches/mm) 0.009/0.2286 

Can Dimensions (inches/mm)   Can Diameter 2.75/69.9   Can Width 0.23453/5.9572 

Melting Point 1424 
o
C

 
2600 

o
F 

Thermal Conductivity  16.2 W.m
-1

.K
-1

 

 

Temperature 

dependence  

(if available) 16.2@100
0
C, 

21.4@500
0
C 

Density 8.0 g/cm
3
 

Specific Heat 500 J/kg.K 
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Target Capsule #3 – SiC_CERN 

Target Name: CERN_SiC Target & Canning No. 

Assign unique no. (2017-003) 

 

Target Material Properties (Silicon and Graphite) 

Purity or Grade  99.5% 

Chemical Formula Si-C 

Physical Characteristics at 

 70 
o
F or 21 

o
C 

Grey to black metal, odorless, tasteless 

Physical Form Foil yes Powder no 

Diameter 

(inches/mm) 

2.375/60.325 Pressed 

(Torr) 

n/a 

Elements (%) Si, C 

Melting Point 1,414 
o
C  

o
F 

Boiling Point 3,265 
o
C  

o
F 

Thermal Conductivity  130 W.m
-1

.K
-1

 Temperature 

dependence  

(if available) n/a 

Density 2.33 g/cm3 g/cm
3
 

Specific Heat 700 J/kg.K 

Target Material Reactions / Properties 

Does the Target material 

react with any of the 

following? 

Aluminium no Air no CO2   no 

H2O insoluble Lead no Zinc no 

Inconel 600 no S/Steel no Copper no 

Canning Material Properties 

Chemical Formula 304 Stainless Steel 

Can Wall Thickness (inches/mm) 0.01181/0.30 

Can Dimensions (inches/mm)   Can Diameter 2.75/69.9   Can Width 0.22047/5.6 

Melting Point 1424 
o
C

 
2600 

o
F 

Thermal Conductivity  16.2 W.m
-1

.K
-1

 

 

Temperature 

dependence  

(if available) 16.2@100
0
C, 

21.4@500
0
C 

Density 8 g/cm
3
 

Specific Heat 502 J/kg.K 
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Target Capsule #4 – Aluminum_ESS 

Target Name: ESS_Alu Target & Canning No. 

Assign unique no. (2017-004) 

 

Target Material Properties (Aluminum) 

Purity or Grade  99.5% 

Chemical Formula Al6061-T6; Al5754-0 

Physical Characteristics at 

 70 
o
F or 21 

o
C 

Grey to black metal, odorless, tasteless 

Physical Form Foil yes Powder no 

Diameter 

(inches/mm) 

2.375/60.325 Pressed 

(Torr) 

n/a 

Elements (%)  

Melting Point 651 
o
C  

o
F 

Boiling Point  
o
C  

o
F 

Thermal Conductivity  237 W.m
-1

.K
-1

 Temperature 

dependence  

(if available) n/a 

Density  2.7 g/cm3 g/cm
3
 

Specific Heat 897 J/kg.K 

Target Material Reactions / Properties 

Does the Target material 

react with any of the 

following? 

Aluminium no Air no CO2   no 

H2O insoluble Lead no Zinc no 

Inconel 600 no S/Steel no Copper no 

Canning Material Properties 

Chemical Formula 304 Stainless Steel 

Can Wall Thickness (inches/mm) 0.00984/0.25 

Can Dimensions (inches/mm)   Can Diameter 2.75/69.9   Can Width 0.09842/2.5 

Melting Point 1424 
o
C

 
2600 

o
F 

Thermal Conductivity  16.2 W.m
-1

.K
-1

 

 

Temperature 

dependence  

(if available) 16.2@100
0
C, 

21.4@500
0
C 

Density 8 g/cm
3
 

Specific Heat 502 J/kg.K 
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Target Capsule #5 – Titanium_Fermilab 

Target Name: FNAL_Ti Target & Canning No. 

Assign unique no. (2017-005) 

 

Target Material Properties (Ti6Al4V) 

Purity or Grade  99.5% 

Chemical Formula Ti6Al4V 

Physical Characteristics at 

 70 
o
F or 21 

o
C 

Grey to black metal, odorless, tasteless 

Physical Form Foil yes Powder no 

Diameter 

(inches/mm) 

2.375/60.325 Pressed 

(Torr) 

n/a 

Elements (%) 6% Al, 4% C=Vanadium, balance Ti 

Melting Point 1878 
o
C  

o
F 

Boiling Point  
o
C  

o
F 

Thermal Conductivity  7.1 W.m
-1

.K
-1

 Temperature 

dependence  

(if available) n/a 

Density  4.43 g/cm3 g/cm
3
 

Specific Heat 574 J/kg.K 

Target Material Reactions / Properties 

Does the Target material 

react with any of the 

following? 

Aluminium no Air no CO2   no 

H2O insoluble Lead no Zinc no 

Inconel 600 no S/Steel no Copper no 

Canning Material Properties 

Chemical Formula 304 Stainless Steel 

Can Wall Thickness (inches/mm) 0.009/0.2286 

Can Dimensions (inches/mm)   Can Diameter 2.75/69.9   Can Width 0.2247/5.7072 

Melting Point 1424 
o
C

 
2600 

o
F 

Thermal Conductivity  16.2 W.m
-1

.K
-1

 

 

Temperature 

dependence  

(if available) 16.2@100
0
C, 

21.4@500
0
C 

Density 8 g/cm
3
 

Specific Heat 502 J/kg.K 
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Target Capsule #6 – Iridium_CERN 

Target Name: CERN_TZM Target & Canning No. 

Assign unique no. (2017-006) 

 

Target Material Properties (TZM-Iridium-CuCrCz-Graphite) 

Purity or Grade  99.5% 

Chemical Formula TZM (Mo); Ir; CuCrZr; Graphite 

Physical Characteristics at 

 70 
o
F or 21 

o
C 

Grey to black metal, odorless, tasteless 

Physical Form Foil yes Powder no 

Diameter 

(inches/mm) 

2.375/60.325 Pressed 

(Torr) 

n/a 

Elements (%)  

Melting Point 2505 
o
C  

o
F 

Boiling Point  
o
C  

o
F 

Thermal Conductivity  Pan. GR= 450 

CuGrZr =401 

TZM = 138 

Iridium = 147 

W.m-1.K-1 

Temp. 

dependence  

(if available) n/a 

Density Panasonic Graphite =1.0; 

CuCrZr=8.9; 

TZM= 10.22; Iridium= 22.1 g/cm3 

g/cm
3
 

Specific Heat 410; 385;251;1298 J/kg.K 

Target Material Reactions / Properties 

Does the Target material 

react with any of the 

following? 

Aluminium no Air no CO2   no 

H2O insoluble Lead no Zinc no 

Inconel 600 no S/Steel no Copper no 

Canning Material Properties 

Chemical Formula 304 Stainless Steel 

Can Wall Thickness (inches/mm) 0.01181/0.3000 

Can Dimensions (inches/mm)   Can Diameter 2.75/69.9   Can Width  0.086605/2.2 

Melting Point 1424 
o
C

 
2600 

o
F 

Thermal Conductivity  16.2 W.m
-1

.K
-1

 

 

Temperature 

dependence  

(if available) 16.2@100
0
C, 

21.4@500
0
C 

Density 8 g/cm
3
 

Specific Heat 500 J/kg.K 
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Target Capsule #7: Vacuum Degrader 

Target Name: Degrader_Phase1 Target & Canning No. 

Assign unique no. (2017-007a) 

 

Target Material Properties (N/A) 

Purity or Grade  99.5% 

Chemical Formula  

Physical Characteristics at 

 70 
o
F or 21 

o
C 

VACUUM 

Physical Form Foil yes Powder no 

Diameter 

(inches/mm) 

2.375/60.325 Pressed 

(Torr) 

n/a 

Elements (%) N/A 

Melting Point  
o
C  

o
F 

Boiling Point  
o
C  

o
F 

Thermal Conductivity   Temperature 

dependence  

(if available) n/a 

Density  g/cm
3
 

Specific Heat  J/kg.K 

Target Material Reactions / Properties 

Does the Target material 

react with any of the 

following? 

Aluminium no Air no CO2   no 

H2O insoluble Lead no Zinc no 

Inconel 600 no S/Steel no Copper no 

Canning Material Properties 

Chemical Formula 304 Stainless 

Can Wall Thickness (inches/mm) 0.012/0.3048 

Can Dimensions (inches/mm)   Can Diameter 2.75/69.9   Can Width 0.98367/24.9846 

Melting Point 1424 
o
C

 
2600 

o
F 

Thermal Conductivity  16.2 W.m
-1

.K
-1

 

 

Temperature 

dependence  

(if available) 16.2@100
0
C, 

21.4@500
0
C 

Density 8.0 g/cm
3
 

Specific Heat 500 J/kg.K 
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Target Capsule #7: Vacuum Degrader 

Target Name: Degrader_Phase2 Target & Canning No. 

Assign unique no. (2017-007b) 

 

Target Material Properties (N/A) 

Purity or Grade  99.5% 

Chemical Formula  

Physical Characteristics at 

 70 
o
F or 21 

o
C 

VACUUM 

Physical Form Foil yes Powder no 

Diameter 

(inches/mm) 

2.375/60.325 Pressed 

(Torr) 

n/a 

Elements (%) N/A 

Melting Point  
o
C  

o
F 

Boiling Point  
o
C  

o
F 

Thermal Conductivity   Temperature 

dependence  

(if available) n/a 

Density  g/cm
3
 

Specific Heat  J/kg.K 

Target Material Reactions / Properties 

Does the Target material 

react with any of the 

following? 

Aluminium no Air no CO2   no 

H2O insoluble Lead no Zinc no 

Inconel 600 no S/Steel no Copper no 

Canning Material Properties 

Chemical Formula 304 Stainless 

Can Wall Thickness (inches/mm) 0.035/0.889 

Can Dimensions (inches/mm)   Can Diameter 2.75/69.9   Can Width 1.01/25.778 

Melting Point 1424 
o
C

 
2600 

o
F 

Thermal Conductivity  16.2 W.m
-1

.K
-1

 

 

Temperature 

dependence  

(if available) 16.2@100
0
C, 

21.4@500
0
C 

Density 8.0 g/cm
3
 

Specific Heat 5  00 J/kg.K 
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3.  Target Canning Process 

General considerations: 

The target capsules or cans containing the Beryllium, Graphite, SiC, Aluminum and Titanium as well as 

the two vacuum degraders are made with 304 and/or 316  stainless steels and it are similar in design with 

the target cans used for the rubidium chloride targets. The capsule holder design is also similar to the 

holders used for the rubidium chloride targets. 

 

Each capsule consists of three parts, the outer rim and the two windows which are welded either under 

vacuum or under inert gas (argon) at the outside company EB Industries used for all the isotope-

producing target fabrication. 

 

The window thickness varies between capsules. Specifically the following thicknesses are used: 

Beryllium capsule (#1)      :      Window thickness     =      0.009” 304 stainless 

Graphite capsule (#2)         :      Window thickness     =     0.009” 304 stainless 

Silicon capsule (#3)            :     Window thickness     =      0.01181” 316 stainless 

Aluminum capsule (#4)      :     Window thickness     =      0.00984” 304 stainless 

Titanium capsule (#5)         :     Window thickness     =     0.009” 304 stainless 

Iridium-TZM capsule (#6)  :     Window thickness     =     0.01181” 316 stainless 

Vacuum Degrader (#7)        :    Window thickness     =     0.0120” 304 stainless 

 

The replacement capsules for Phase II irradiation (Titanium #2 in place of Iridium-TZM and Vacuum 

degrader #2) will have the following window thicknesses: 

 

Titanium capsule #2 (#6)             :   Window thickness = 0.009” 304 stainless 

Vacuum Degrader #2 (#7)           :    Window thickness = 0.035” 304 stainless 

 

Capsule Outside Diameter (in/mm):  2.75/69.9  

Capsule Inside Diameter (in/mm):    2.375/60.325 

 

TOTAL Width of capsules: 

Beryllium capsule #1 width (in/mm):                    0.333/8.4572 

Graphite capsule #2 width (in/mm)  :                    0.2345/5.9572 

Silicon capsule #3 width (in/mm)     :                   0.2205/5.600 

Aluminum capsule #4 width (in/mm):                  0.09842/2.500 

Ti6Al4V capsule #5 width (in/mm)  :                   0.2247/5.7072 

TZM capsule #6 width (in/mm)     :                      0.0866/2.2 

Ti6Al4V capsule #5b width (in/mm)  :                 0.0869/2.2072 

Vacuum Degrader Phase I width (in/mm)  :         0.9836/2.4985 

Vacuum Degrader Phase II width (in/mm)  :         0.9361/2.3778 
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Canning Process: 

1. The back window of the target capsule is welded onto the capsule rim 

2. The solid specimens of each target material type are arranged in a tight and specific arrangement 

(see attached Figure ) within the volume of the capsule  

3. The target capsule containing the target material is sent to the vendor (EB Industries) where the 

front window is welded under vacuum. 

4. Vacuum leak tests are performed at the vendor prior to being shipped back to BNL and also at the 

BNL shops upon arrival (all certificates of vacuum tests available) 

 

The fabricated and leak checked target capsules are given to the BLIP staff along with 

instructions of the layout into the irradiation target box. The layout of the array is based on 

precise proton beam degradation calculations.  
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4. Beam Characteristics 

Maximum 

Instantaneous Current 

Desired 

55 mA  

 

Average Current 

Desired 

140-165 μA  

 

Total Integrated 

Current Desired 

215,000 (181 MeV)  μA - hrs 

 

Maximum Proton 

Energy on Target 

Material 

176 MeV 

 

 

  

5. Experiment Description 
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5.a Procedure for irradiation of target material in BLIP: 

 

BLIP staff shall install and remove target array and degraders in BLIP, as per CAD OPM 19.4.5.2.  

Irradiations are planned for a total of 8 weeks (possibly 9 weeks if uninterrupted to the end of 2017 BLIP 

RUN) at 181 MeV and consist of two (2) phases. Specifically, 

 

Phase I represents the first six (6) weeks of irradiation  with the array consisting of: Beryllium, Graphite, 

Silicon, Aluminum, Titanium#1 and Titanium #2 capsules, plus the corresponding vacuum degrader in 

position 7. 

 

Phase II represents the last two (possibly three) weeks of irradiation with the CERN (Iridium-TZM) 

Capsule in position 6 and in particular the place of Titanium #2 capsule.  Specifically, after the 

completion of Phase I (first 6 weeks)  the CERN (Iridium-Moly) and vacuum degrader #2 will be 

replacing the Titanium #2 capsule and vacuum degrader #1 respectively (see Figure 5.2). The capsules 

and degrader of Phase II are designed such that the energy degradation is exactly the same with that 

experienced during Phase I. 

 

5.b Target array in Box 1 (upstream) and Box 2 (downstream): 

 181 MeV Irradiation (Phase I): Beryllium capsule (position 1), Graphite capsule (positions 

2), Silicon capsule (position 3), Aluminum capsule (position 4), Titanium capsule (position 

5), Titanium capsule #2 (position 6) and Vacuum Degrader #1 (position 7)  in Box 1, cGMP 

approved RbCl array in Box 2 with 0.220 inch Cu beamstop 

 181 MeV Irradiation (Phase II): Beryllium capsule (position 1), Graphite capsule (positions 

2), Silicon capsule (position 3), Aluminum capsule (position 4), Titanium capsule (position 

5), Iridium-TZM capsule (position 6) and Vacuum Degrader #2 (position 7)  in Box 1, cGMP 

approved RbCl array in Box 2 with 0.220 inch Cu beamstop 

 

See Appendix 1 for details of energy loss in these arrays. 
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Figure 5.1: Array layout for Phase I irradiation 

 

 

Fig 5.2: Phase II irradiation array layout that includes the TZM (CERN High-Z capsule) in the position of 

the  2
nd

 Ti6Al4V capsule 

 

During phase II irradiation the vacuum degrader has been specially designed to ensure the uniform energy 

degradation through-out the beam footprint. Specifically, the Iridium-TZM capsule filler material (see  

Figure 5.3) 
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 (a) 

  (c) 

Figure 5.3: Details of a layer within the CERN High Z capsule (left) depicting the peripheral filler space 

made of graphite. The miss-match in energy loss in the event the beam steers away from its normal 

rastering envelope and impacts the edges, is compensated by the introduction of stainless steel of the 

same shape of appropriate thickness (selected such that energy loss will be the same)  integrated into the 

volume of the Phase II Vacuum degrader (right) 
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Figure 5.4: Details of TEM specimens (plan view left. cross view right) in ESS aluminum capsule. TEM 

specimens selected such that energy degradation is the same throughout the capsule 

 

Capsule content details are listed in Appendix C. 
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Figure 5.5: Proton profile throughout the arrays in Box1 and Box2 

 

 

Figure 5.6: Energy Deposition profile 
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5.c Thermal analysis of target material and target can (attach analyses if any):  

             See Appendix 2. No issues. 

 

5.d Transport of irradiated targets to (a) Waste Management and (b) TPL, target opening and 

processing: 

 

Following irradiation Phase-I (6-week irradiation) the Iridium-TZM capsule target capsules will replace 

the Ti6Al4V #2 capsule and the array will be irradiated for an additional two (possibly three) weeks. 

 

The Ti6Al4V #2 capsule will be transported to TPL by BLIP staff as per CAD OPM 19.4.5.3. No dose 

issues during transport are of concern due to the small size of the capsule and the only 6-week irradiation.  

 

At the end of the irradiation experiment, which is designed to coincide with the end of the 2017 BLIP run, 

the target array will remain in place to allow cooling down during the summer months (up to 4 months is 

envisioned). 

 

At the end of the cooling period at BLIP the high Z CERN capsule will be transported to Waste 

Management from BLIP where provisions are being made for the capsule to be inserted into a Type A 

shipping cask provided by ORNL for transport of the capsule to PNNL. Detailed calculations and 

analysis have been performed to assess the dose levels outside the shipping cask (required to be ≤ 200 

mR/hour @contact on the outside surface of the cask) and the activity/isotopes at the time of shipping. 

These data are listed in Appendix D. 

 

Upon return of the shipping cask to BNL (Waste Management) the three capsules: Beryllium; Silicon and 

Aluminum will be transported to Waste Management where they will be inserted in the Type A cask and 

be shipped to PNNL (similarly as the TZM capsule). Dose estimates for all three capsules in the ORNL 

cask (discussed in the decay Requirements Section) in contact with the outer surface of the cask have 

shown that the three capsules can be shipped together.  

 

Shipping target capsules to TPL with the special shipping containers (pigs) will be performed by TPL 

staff. Dose measurements at cask exterior will be measured. Store containers in storage vault until the 

exterior contact dose is <200mR/h.  

 

5.e Disposal of waste: 

Stainless steel target body for Graphite and Titanium 1&2 capsules and will be disposed with other target 

bodies as solid non compactable waste as per CAD OPM 19.3.5.6 & 19.3.5.7. No need for disposal of 

Beryllium, Si, Aluminum, and TZM capsules which will be shipped whole to other laboratories for post-

irradiation examination. 

 

6. Activation Analysis of Target Material and Can 

Activation of the two target array configurations (Phase I and Phase II) has been performed with special 

emphasis on (a) activation and dose after 6 weeks of irradiation when during the high-Z CERN TZM 

capsule will be replacing the Ti6Al4V #2 capsule for the remainder of the irradiation and (b) at the end of 

the 8-week (or potentially 9-week) irradiation. The detailed study conducted established estimates of the 
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dose outside the BLIP hot cell where operators will be performing the retrieval and target capsule 

exchange, the dose and activity of the retrieved TZM capsule for transportation to Waste Management for 

shipping to PNNL.  

The study also deduced estimates of (a) the dose and activity at the end of irradiation for transporting the 

three capsules to remain (opened/sorted) to TPL hot cells. The analytical tools have been detailed in such a 

way that the activity in each contained sample of all 7 target capsules can be estimated. This will provide 

guidance for individual samples from within the three capsules remaining at BNL to be shipped for post-

irradiation evaluation to other facilities in the future. 

 

Critically important for the handling and shipping to WM first and then to PNNL in the Type A cask is the 

assessment of the activity in the high-Z TZM capsule which contains a layer of Iridium. 

 

Estimates of activity (as well as of radionuclides) were made using the capabilities of the FLUKA 

transport code via the development of 3D models that replicate the exact configuration of the irradiation 

space at BLIP as well as the structural details of the capsules and their contents. To account for the 

possibility that the duration of Phase II irradiation (to the end of the 2017 RUN) is three weeks instead of 

the two weeks originally planned, activity estimates were deduced and are listed below.  

 

CERN Iridium-TZM Capsule: 3-week irradiation (3 weeks are assumed for conservatism to account for 

the potential of 3-week long Phase II run) 

EOB:    336 Ci 

1 Day:  114.5 Ci 

1 Month:  16.33 Ci 

2 Months: 9.57 Ci 

4 Months:  5.1436 Ci 

 

For the remaining capsules the activity following eight weeks of irradiation has been computed. It is 

expected that if an additional week of irradiation is added at the end of the run that the additional activity 

will only modestly increase due to the continuing decay (as also noted above in the case of the high Z 

TZM capsule). Listed below is (a) the  

 

Phase I+II  (8 weeks of irradiation) – TOTAL Activity 

 

EOB = 573 Ci; 1 hr: 383 Ci; 24 hrs: 169.5 Ci; 1 week: 71.35 Ci; 1 month: 20.1 Ci; 6 months: 3.68 Ci 

The total activity listed above includes the infrastructure supporting the array (holders, boxes, as well as 

the vacuum degrader with 0.025” and 0.035” stainless steel windows). Also included in the above total is 

the 2
nd

 Ti6Al4V capsule assumed to conservatively be irradiated also for 8 weeks. 

 

Activity Decay in each capsule of Phase II 

 

CERN Si Capsule: 8-week irradiation  

EOB:    71.4 Ci 
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1 Day:  23.22 Ci 

1 week: 18.56 

1 Month:  2.22 Ci 

2 Months: 1.1514 Ci 

6 Months: 0.4522 Ci 

 

ESS Al Capsule: 8- week irradiation  

EOB:    27.85 Ci 

1 Day:  13.88 Ci 

1 Month:  1.426 Ci 

2 Months: 0.96 Ci 

4 Months: 0.542 Ci 

6 Months: 0.3435 Ci 

 

FermiLab Ti6Al4V Capsule: 8- week irradiation  

EOB:    134.5 Ci 

1 Day:  67.25 Ci 

1 Month:  3.15 Ci 

2 Months: 1.33 Ci 

4 Months: 0.565 Ci 

6 Months: 0.344 Ci 

 

FermiLab Be Capsule: 8- week irradiation  

EOB:    31.4 Ci 

1 Day:  21.85 Ci 

1 Month:  2.302 Ci 

2 Months: 1.283 Ci 

4 Months: 0.88 Ci 

6 Months: 0.71 Ci 

 

FermiLab Graphite Capsule: 8- week irradiation 

EOB:    111.8 Ci 

1 Day:  25.55 Ci 

1 Month:  2.203 Ci 

2 Months: 0.946 Ci 

4 Months:  0.563 Ci 

6 Months:  0.397 Ci 

 

Decay Requirements
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Decay requirements were estimated for the following aspects of the experiment: 

 

Figure 6.1: Dose profile and estimates at BLIP at the end of Phase I irradiation when the target exchange 

will take place 
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Figure 6.2: Dose profile at BLIP hot cell following Phase-II irradiation (3 additional weeks at 181 

MeV/165 µA) where the 6
th
 position is occupied by the high-Z TZM capsule 

  

The dose to the operator during the brief target exchange is shown to be further reduced by the 

introduction of a small lead brick in front of the basket containing the research array. Figure 6.3 depicts 

the dose profile change due to the small lead brick placed between the array and the Pb glass (inside hot 

cell). The benefits of this added shielding can be utilized in the event that the array needs to come up from 

the beam position during the irradiation run for potential short-duration Thorium experiments. 
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Figure 6.3a;b: Dose profile at BLIP hot cell following the placement of a 2”-thick lead brick shielding in 

front of the target array. Placement of such additional shielding eliminates the dose at the operator location 

(compare with Fig. 6.1).   
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Decay and Transport Requirements: 

 

After the end of the BLIP 2017 run (June 30) the target array will remain at BLIP and in particular the 

irradiating position (or retrieved halfway up the shaft) to decay. After a decay period of more than three 

(3) months, the array will be brought to the Hot Cell Level and the high-Z TZM capsule will be retrieved. 

Using the BLIP transport cask the high Z (TZM) capsule will be transported to Waste Management where 

provisions have been made for the capsule to be placed into a TYPE A cask and shipped to PNNL. 

 

Dose and activity analyses have been performed for the TZM capsule and its transport (a) from BLIP to 

WM and (b) from WM (BNL) to PNNL. 

CERN Capsule (Iridium-TZM) for 2-week irradiation: 

                                 EOB      24 hrs         48 hrs        1 week     1 month    4 months  

Contact:             5.47e+05;   1.88e+05;   1.3e+05;   5.57e+04;       2335;        112            (R/hr) 

1-foot distance:        1629;            546;       310.8;         167.7;         9.88;      0.865           (R/hr) 

 

Assuming that the Phase II irradiation will last for three (3) weeks) the dose of the TZM capsule 

transported to WM will be: 

 For one month decay at BLIP before transported to WM: 3096 R/hr on contact 

 For two month decay at BLIP before transported to WM: 1210 R/hr on contact 

 For three month decay at BLIP before transported to WM: 835 R/hr on contact 

 For four month decay at BLIP before transported to WM: 658 R/hr on contact 

Following shipment of the TZM capsule to PNNL, and depending on the timing of the ORNL Type A cask 

return to BNL, three (3) of the remaining six (total) capsules will be packaged in the Type A cask and 

shipped to PNNL. These will be capsule 1 (beryllium), capsule 3 (silicon) and capsule 4 (aluminum). 

These capsules will undergo longer decay than the TZM which will be shipped first. Dose as well as 

activity calculations of the Type A cask with the three (3) capsules have been performed.  

The remaining three (3) capsules (Graphite and the two Ti6Al4V capsules will be transported to TPL 

where they will be opened and sorted for post-irradiation analysis.  

Figure 6.4 depicts the FLUKA model generated for the BLIP large transport cask which will transfer the 

capsules to either Waste Management directly from BLIP or to TPL. 

  

Figure 6.4: Model of large transport pig and configuration used for estimating dose at the outer surface for 

transporting the irradiated array (or capsules individually) from BLIP to TPL 
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Figures 6.5 (a;b) show the dose profile around the BLIP large transport cask transferring the TZM capsule 

from BLIP to WM. Using the maximum observed dose value at the outside surface of the cask, the dose on 

contact is ~476 mR/hr after only one month of decay at BLIP. The contact dose on the BLIP large cask 

drops to 62 mR/hr after 2-month decay. At the anticipated 3 to 4-month decay period at BLIP the dose on 

the outside surface is insignificant. The important finding is that the operator of the vehicle transporting 

the cask is not receiving any dose during the transport. 

 

 

Figure 6.5: Contact dose outside the BLIP large transport cask transferring the TZM capsule from BLIP to 

Waste Management. After one month decay at BLIP conservative estimates of dose are ~500 mR/hr. After 

two month decay the dose on the outer surface drops to 62 mR/hr. The dose at the operator location from 

the capsule is at background levels. 



 

C-A-OPM 2.1.16.a Page 32 of 76 Revision 00 

 April 21, 2017 

 

 

The remaining six (6) capsules will also be transferred using the BNL large cask either to WM directly 

from BLIP or TPL. Specifically, three of these capsules (Be, Si, Alum) will eventually be shipped to 

PNNL (as the TZM). These three capsules may be shipped directly from BLIP to WM with the BLIP cask 

where they will be inserted into the Type A cask like the TZM. The remaining 3 capsules (Graphite and 

the two Ti6Al4V will be transferred to TPL). Dose studies have been done for the conservative case of 

transporting all six capsules to TPL together. Figure 6.6 depicts the dose profile for different decay times. 

For example, after 3-month decay at BLIP the contact dose on the outer surface of the cask is ~100 mR/hr 

(conservative estimate) and no additional dose to the operator. 

 

 

 

Figure 6.6: Transport of the array following completion of the 8-week irradiation (2 weeks of Phase I plus 

remainder 6 weeks). Dose estimated outside the transport pig (BLIP to TPL) of the six (6) capsules (Be, 

Graphite, Si, Al, Ti-1 and Ti-2) decays with time as follows: 

 



 

C-A-OPM 2.1.16.a Page 33 of 76 Revision 00 

 April 21, 2017 

 

 

 

Transporting from WM to PNNL using the ORNL Type A Transport Cask 

 

A Type A transport cask was provided by ORNL and is being readied at Waste Management to be used for 

transporting four (total) capsules to PNNL. The High Z TZM capsule will be transported first. The cask 

will be shipped back to BNL from PNNL empty to be re-used for shipping the remaining three (3) 

capsules (Be, Si, Alum). 

The ORNL Type A shipping cask is shown in Figure 6.7 below. It exhibits a 3-inch thick lead wall with a 

6” cavity diameter. A representative FLUKA model has been developed (Figure 6.8). 

The dose calculations indicate that the high Z TZM capsule can be transported after 4 months of decay 

(see Fig. 6.9) Shipment of the three capsules (Be, Si, Alum) in the same shipment will require ~6 months 

of decay (see Fig. 6.10) before they can be shipped to PNNL. Requirement for shipment is for the contact 

dose on the outside surface of the cask to be less than 200 mR/hr. 

 

  

Figure 6.7:ORNL Type A transport cask cross section 

 

Figure 6.8:FLUKA Model developed for dose calculations 
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Figure 6.9: Dose evolution with decay time of the TZM capsule to be transported with the Type A cask 

from BNL to PNNL 
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Figure 6.10: Dose around the Type A Transport cask with the three capsules (Be, Si and Aluminum) to be 

shipped to PNNL together. Decay time required before the three capsules can be shipped together is 6 

months. 
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7. Expected Dose Rate 

 

All dose calculations were performed using the FLUKA transport code. The performance of the model 

generated to predict dose and activities was verified via a blind test performed at BLIP during an 

irradiation experiment conducted in 2013. The agreement between the predictions and the actual 

measurements were within 1-2%.  

Dose rates, in addition to the transport of the irradiated capsules that have been discussed, are also of 

interest during exchange of the targets after the first six weeks of irradiation (Phase I followed by Phase 

II). During the exchange of the second Ti capsule and Phase I vacuum degrader with the TZM and the 

Phase II vacuum degrader respectively the dose to the operator operating outside the BLIP hot cell wall 

must be minimized. This requirement has prompted the switching of the irradiation phases based on the 

fact that higher doses are anticipated following the irradiation of the TZM. In the current scenario, the 

TZM capsule will be irradiated in Phase II (2 and possibly 3 week irradiation). At the end of Phase II, 

which will coincide with the BLIP 2017 run, will remain in place to decay for up to four months. 

 

The expected dose and its evolution at the BLIP hot cell have been discussed in detail in the previous 

section where coordination with the transporting of the capsules was introduced. 

 

 
Figure 7.1: Dose profile at BLIP hot cell at EOB (following 6 weeks irradiation) 
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Figure 7.2: Dose estimates @contact with the outer surface of the BNL transport cask (pig) enabling the 

transport of the entire array (six capsules with no TZM) from BLIP hot cell to TPL 

 

 

 
 

Figure 7.3:  Dose evolution with time from the irradiated CERN High-Z capsule 

 

 

8. Additional Safety Requirements 

None 
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9. Special Operating Instructions 

 

Supporting Documentation 

References   

OPMs 19.2.22, 19.3.5.6, 19.3.5.7, 19.4.5.2, 19.4.5.3. 

Drawings D25-M-3186, 3188; 3452; 3453 
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Appendix A1 

Note: Proton Energy Profile  

 

Table A1.1 Proton and energy profile during Phase I of 181 MeV irradiation 
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Figure A1.2 Cross section of the experiment configuration for the 181-MeV irradiation of the RADIATE 

array of Phase I (Phase I is the first 6 weeks of irradiation with Ti #2 capsule in position 6) 
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Table A1.2 Proton Energy Profile for RADIATE Array at 181 MeV: RbCl in downstream box 

PHASE II (CERN TZM-Iridium at position 6) 
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Fig A2: Cross section of target array for Phase II irradiation which includes the CERN TZM capsule at 

position 6 in place of the Ti #2 capsule 
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Verification of BEAM uniform (spatially) degradation 

 

 

 
 

 
Figure A1.4: Model description to test beam uniform degradation 
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Figure A1.5: Analaysis results indicating uniform degradation 
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Appendix A2 - Thermo-mechanical analysis 

Analysis Performed on Target Capsules based on 

estimated by SRIM/MCNPX/FLUKA energy 

deposition estimates. The estimates of the deposited 

energy generated by the three (3) different 

approaches where in excellent agreement 

 

Analysis performed by N. Simos (included are also 

thermal analysis results conducted by Fermilab 

and ESS staff on their respective capsules. i.e. 

Beryllium, Graphite, Titanium and Aluminum) 

Details of the Finite element analysis are  

 (Thermal-Structural Analysis of RaDiATE Target 

Array) 

Conditions  

 Instantaneous Current: 54.0 mA 

 Pulse Width: 0.000425 sec 

 Number of protons 1.03e+15 p/sec 

 Pulse Frequency = 6.667 Hz 

 181 MeV 

 2 configurations for the two back-to-

back phases (both at 181 MeV) 

 100% beam on target 

 

Summary and Conclusions 

 

Seven different target capsules are part of the 

irradiation array: 

Beryllium, Carbon, Silicon/graphite, 

Aluminum, Ti6Al4V (two capsules of different 

thickness) and Iridium-TZM capsule. 

 

The energy deposited on each capsule 

(maximum 11 MeV proton beam degradation 

in Ti capsule including the capsule stainless 

windows) is at levels which ensure that the het 

flux condition (200 W/m
2
-K) is satisfactorily 

satisfied (values well below 100 W/m
2
-K) for 

the all the capsules containing materials. 

Same holds true for the two vacuum degraders 

that are used in the two array configurations.  

 

The degrader of Phase I (first two weeks of 

irradiation) is typical degrader used at BLIP 

with stainless windows of 0.012” thickness. 

The degrader of Phase II (remaining 6 weeks 

of irradiation) has stainless window 

thicknesses of 0.035”.  

 

Temperatures and thermal stresses in the 304 

stainlees steel windows for the capsules and 

the degraders are well within the safety 

envelope 
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The results are attached.  Please note one 

significant finding, the water flow 

through target box 2 is significantly less 

than through target box 1. 

Summary and Conclusions (cont.) 
The temperatures and stresses in the materials inside the 

capsules depend on the rastering profile. Under the 

nominal rastering (per design) a large area is effectively 

heated and therefore the temperatures are well within 

the safety envelopes.  
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Details of Thermo-Mechanical Analysis 

Overall Summary 

 NO Problems Anticipated 

 FLUXES (all ) < 200 W/cm2-m 

 Outer Window surface Temperatures: ALL below fear of boiling 
 

This section contains excerpt results of a comprehensive finite element analysis. It depicts results 

for the vacuum degrader and for the Molybdenum target capsule which experiences the highest 

thermal loads. More detailed/descriptive analysis results of all target capsules are available and can 

be provided upon request. 

 

The array of 3D non-linear thermal, thermos-mechanical and CFD analyses performed consisted 

of: 

 

Steady State Thermal Analysis based on detailed energy deposition produced by the FLUKA 

code and inserted as heat generation into the materials. The encapsulated materials under vacuum 

into the capsules were in contact with the inner surface of the capsule (therefore conductance rather 

than conductivity was used in the thermal and thermos-mechanical analysis). The target capsules 

and degraders were cooled with the cooling water through the channels. Recent measurements 

established the volumetric flow for Box1 where the target array is to be irradiated to be 22 gpm. 

Based on the array with the Thorium target in position 1, 34 mm of total water column/gap is 

available for the 22 gpm to flow past the targets. The variability of velocity with non-uniform 

channels was tested using a CFD model (data shown in this section). Based on these findings and 

the heat transfer analysis based on an analytic study, heat transfer film coefficients were generated 

and introduced in the analysis. Conservative values of ~6390 W/m
2
K were used in the thermal 

analysis.  

 
Figure A2.1 Energy deposition through-out the target arrays in Box1 and Box2 
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Based on the findings included in the Memo titled “BLIP Cooling Water Flow Rate Measurement” 

It was concluded that the volumetric flow is about 22 gpm for target box 1 and 14 gpm for target box 

2. The total mass flow into either target box was unaffected by the contents of the other target box. 

 

Analytical Estimation of heat transfer coefficient through the target capsules 

 

Estimation of Reynolds number related to the velocity of flow U
f
 through the hydraulic diameter 

(2.5mm gap between targets), 

  

N
Re

 = U
f
 D

e
/ν 

 

Where ν is the dynamic viscosity. Estimate Reynold’s number from Nusselt number  

  

Nu
De

 = 0.023 (R
e
)

0.8

 (P
r
)

0.3

 

  

where P
r
 is the Prandtl number 

By relating the film coefficient to the Nusselt number Nu
De

  

Nu
De

 = h
f
 D

e
/ k 

D
e
 = hydraulic diameter 

  

Estimated and utilized h
f             

6390 W/m
2
-sec 

 

  
Figure A2.2 Layout of Array of Phase II with the vacuum degrader (right) 
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Figure A2.3: CFD analysis with channel width variation shows a difference  in the velocity and the 

temperature of the fluid passing through (that affecting the temperature of the capsule wall)    

 

Alternative Approach of estimating Heat Transfer Coefficients for the Radiate BLIP 

Experiment 

 

Alternative estimates of the forced flow heat transfer coefficients were conducted 

independently by other participating teams (European Spallation Source) during the course 

of designing their own capsule configuration. Described below is the alternative heat 

transfer approach used. 

– Assumed duct dimension: 60 x 3 mm
2

 

– Assumed water speed: 2.0 feet/s 

– Ambient temperature: 300 K 

• Convective heat transfer: Dittus-Boelter equation 

 
– h: wall heat transfer coefficient W/m2/K 

– k: heat conductivity 0.6 W/m/K 

– D
H
: hydraulic diameter 5.7 mm 

– μ: dynamic viscosity 2.9e-4 Pa*s 

– j: mass flux 600 kg/m
2

/s 

This alternative approach leads to wall heat transfer coefficient: 5.5e3 W/m

2

/s 

 

NOTE: Good agreement between alternative approaches (formulation) in estimating 

heat transfer coefficients in the cooling channels between target capsules. This 

provides confidence in the estimates of this critical parameter used in the thermo-

mechanical analyses 

 

In the remaining section of this Appendix (A2) excerpt results of the comprehensive 

thermo-mechanical analyses conducted for the two degraders to be used in the two 

ℎ = 0.023
𝑘

𝐷𝐻
 
𝑗𝐷𝐻

𝜇
 
0.8

 
𝜇𝐶𝑝

𝑘
 
0.33

 



 

C-A-OPM 2.1.16.a Page 50 of 76 Revision 00 

 April 21, 2017 

 

 

irradiation phases and the various capsules. Of primary interest is the estimate of (a) heat 

flux at the outer face of the capsule windows in contact with the forced flow, (b) the 

temperature of the stainless steel window, (c) the deformation of the thin stainless 

capsule/degrader windows, (d) the stresses that develop in the windows and finally € peak 

temperatures in the samples contained within the capsules. 

 

 

Vacuum Degrader of Phase1 Irradiation – 181 MeV Irradiation 
No Issue with Temperature in the 0.012” thick 304 window Tmax ~310 K) 

 

The vacuum degrader of Phase I is a typical degrader used at BLIP during several past irradiation 

experiments (i.e. 0.012” stainless window walls) without any issues even during longer 

irradiations. The only difference during Phase I irradiation with those in the past is that the nominal 

current is assumed higher than before (165 uA). However, the rastering beam mode is expected to 

compensate for the increase in current and reduce the energy density deposited in the thin window 

significantly. Results depicted in Figure A2.4 demonstrate that no thermo-mechanical issues are 

anticipated. 
 

 
 

 
 

Figure A2.4: Thermo-mechanical study of vacuum degraders with 0.012” thick 304 steel windows 
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During Phase II (6 weeks of irradiation) and in an effort to adjust the beam loss following the 

removal of the CERN High-Z capsule and its replacement with a Ti6Al4V containing capsule, the 

corresponding vacuum degrader was changed to one with 0.035” thick stainless windows. Figure 

A2.5 depict the thermo-mechanical response of the Phase II degrader. No issues are expected. 

 

 
 

 
 

 

Figure A2.5: Thermo-mechanical study of vacuum degrader of Phase II with 0.035” thick 304 

steel windows. 
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Thermo-mechanical Analysis of Target Capsules 
 

Capsule #1: Beryllium 

 

 
Figure A2.6a: Thermal analysis of Be capsule (position #1 in array) based on BNL analysis 

 

  

 
Figure A2.6b: Thermal analysis of Be capsule (position #1 in array) based on FNAL analysis 
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Assessment:  

 

Temperature dependent thermal conductivity for Beryllium 

Thermal contact conductance ~ 1750 W/m
2
K 

Calculated for Argon atmosphere (Song and Yovanovich, J. Heat Transfer, Vol. 115, p. 533 , 1993) 

 

Heat transfer coefficient on SS windows ~ 6000 W/m2K 

Based on 22 GPM water flow through target box 

Analytical calculation (Gnielinski Equation for Nu number) 

Assumed no heat transfer at radial edge of capsule 

Beam current: 165 µ𝐴 

Total energy loss: ~ 8.48 MeV (including SS windows) 

Total heat deposition in capsule: 1400 W 

Peak temperature: ~ 520 °C 

 

Peak heat flux out of SS window ~ 47 W/cm
2
 

Capsule Window Peak Temperature:  

 

Capsule #2: Graphite (Fermilab) 

 

Window Material: Stainless Steel – 0.009” thick 

 

  

 
Figure A2.7: Thermal analysis of Graphite capsule (position #2 in array) based on FNAL analysis 
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Assessment: 

Temperature dependent thermal conductivity for Glassy Carbon and Graphite 

Thermal contact conductance ~ 400 W/m2K 

Value N. Simos used in previous analyses (agrees well with experience as well) 

Literature values range from 200 – 2000 W/m2K 

Heat transfer coefficient on SS windows ~ 6000 W/m2K 

Based on 22 GPM water flow through target box 

Analytical calculation (Gnielinski Equation for Nu number) 

Assumed no heat transfer at radial edge of capsule 

Beam current: 165 µ𝐴 

Total energy loss TOTAL: ~ 5.64 MeV (including SS windows) 

Total heat deposition in capsule: 931 W 

Peak temperature: ~ 1020 °C 

 

Peak heat flux out of SS window ~ 31 W/cm2 – OK 

Window(outer surface Temperature):  

 

 

Capsule #3: CERN_Si (position #3 in array) 

 

  
 

Figure A2.8a: Thermal analysis of Si capsule (position #3 in array) 
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Figure A2.8b:  Stress and deformation analysis of Si capsule (position #3 in array) 

 

 

 

Capsule #4: ESS Aluminum Contents (Thermal analysis shown performed by ESS) 

 

Capsule Window: 

Capsule content thickness along beam (total): 

 

  
 



 

C-A-OPM 2.1.16.a Page 56 of 76 Revision 00 

 April 21, 2017 

 

 

 
 

 

Assessment: 

 

The temperature in the aluminum alloy is below the operational limit of 144 C. 

Maximum temperature in the SS window: 71 C. 

The temperature in the SS window is not sensitive to the gap size in the beam direction. 

 

Heat Flux at capsule window surface << 200 W/m2-K 

 

 

 

Capsule #5: Ti6Al4V 

 

Window Material: Stainless Steel – 0.009” thick 
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Listed below are results of independent studies on the Ti capsule #5 (Fermilab). This extra 

attention is paid to this capsule for it is capsule that absorbs more beam by comparison to the rest 

of the capsules in the array (~9.5 MeV of beam is consumed by the Ti6Al4V layers) 

 

  

 Peak heat flux out of SS window ~ 64 W/cm
2 
 

 

Temperature dependent thermal conductivity for Ti6Al4V 

Thermal contact conductance ~ 11000 W/m
2
K (Helium atmosphere) 

Song and Yovanovich, J. Heat Transfer, Vol. 115, p. 533 (1993) 

 

Heat transfer coefficient on SS windows ~ 6000 W/m2K 

Based on 22 GPM water flow through target box 

 

Analytical calculation (Gnielinski Equation for Nu number) 

No radial heat transfer 

Beam current: 165 µ𝑨 

Total energy loss: ~ 10.35 MeV (including SS windows) 

Total heat deposition in capsule: 1708 W 

Peak temperature: ~ 370 °C 

 

 

Assessment: This represents the only capsule where the temperature of the outside surface of the 

window may reach ~479 K locally. The heat flux at the same window surface remains well below 

the threshold of 200 W/(m2-s), with peak value of ~127 W/m2-s 
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Capsule #6: CERN High Z capsule (TZM-Iridium) 
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Appendix 3 - Activation and Radionuclides 
 

Table A3.1a Radionuclides and their activity at EOB produced in all the capsules after bombardment 

with 181 MeV protons for 8 weeks at 165 µA of Phase I plus Phase II 

    All Else  

Isotope Z Activity, Ci  Isotope Z Activity, Ci  Isotope Z Activity   

Beryllium Capsule  Silicon Capsule (cont.)  Ti6Al4V Capsule 1 (cont.)  

    52 25 2.9419          18 9 0.3604   

 7 4 9.9270  51 24 5.8895  56 27 0.3946   

 3 1 .62175  51 25 1.0441  55 26 0.3100   

         57   28 0.6703  49 24 2.4146          55 27 0.2784   

         53    26 1.3864  48 23 2.4236  53 26 1.1758   

        52   25 1.6973          47 23 0.8756  52 25 1.2992   

51 24 3.8270  45 22 0.7227  51 24 3.9953   

    44 21 0.7755  51 25 0.6595   

51 25 0.7697  ESS Aluminum Capsule  49 24 1.5946   

49 24 1.3173  27 12 0.6526  48 23 2.3394   

48 23 1.6017  24 11 2.3408  45 22 0.7784   

         47 23 0.7355  18 9 1.9679  44 21 0.6108   

44 21 0.6108  57 28 0.6135  Ti6Al4V Capsule 2  

Graphite Capsule  56 27 0.5891  49 21 0.168   

11 6 76.135  53 26 1.2800  49 23 0.100   

10 6 0.4375  52 25 1.5018  48    21 0.5271   

7 4 12.973  51 24 4.1200          48 23 1.878   

57 28 0.6713  51 25 0.7679  47    21 4.989   

53 26 1.3864  49 24 1.6486  47 23 0.8931   

        52   25 1.6973  48 23 2.8984  46    21 2.25   

51 24 3.8270  44 22 0.7783          45 20 0.189   

51 25 0.7709  Ti6Al4V Capsule          45    22 5.421   

49 24 1.3177  49 21 0.5513  44 21 7.92   

48 23 1.6019  49 23 0.3270  38 17 0.100   

         47 23 0.7361  48    21        1.7567  37 18 0.837   

44 21 0.6112            48 23 6.2573  32 15 0.141   

Silicon Capsule  47    21 16.6216         18      9 0.108   

11 6 38.9837  47 23        2.9762        56    27 0.30   

7 4 6.9695  46    21 7.501         55 26 0.225   

28 13 1.1875          45 20 0.6298         55 27 0.180   

24 11 0.7523  45 22 18.064        53 26 0.885   

18 9 0.88405  44 21 26.371          52 25 0.975   

57 28 0.78075  38 17 0.30111        51 24 3.00  

55 27 0.6689  37 18 2.7841        49 24 1.196  

        52   25 1.6973  32 15 0.4690      48 23 1.755  
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Table A3.1b Radionuclides and their activity 1-DAY after EOB produced in all the capsules after 

bombardment with 181 MeV protons for 8 weeks at 165 µA 

Isotope Z Activity, Ci  Isotope Z Activity, Ci  Isotope Z Activity   

Beryllium Capsule – DONE   

 Silicon Capsule (cont.)  Ti6Al4V Capsule 1 (cont.)  

 56 28 0.1026     

        37 

 

18 

 

2.7100 

  

 7 4 9.7980  55 26 0.3316   

 3 1 0.6163  55 27 0.2592  55 26 0.3135
* 

  

         57   28 0.4195  54 25 0.5530          55 27 1.0812
* 

  

         53    26 0.000  52 25 2.6060  53 26 0.0000   

        52   25 1.5052          51 24 5.7411  52 25 1.5303
* 

  

51 24 3.7325  49 23 0.7063  51 24 3.8964   

51 25 ~0.0  48 23 2.2910  51 25 0.0000   

51 25 ~0.0  ESS Aluminum Capsule  49    24 0.0   

49 23 0.4714  24 11 0.8424  48 23 2.2448   

48 23 2.050  22 11 0.2592  45 22 ~0.0   

         47 23 0.0  58 27 0.13858  44 21 00.0   

    57 27 0.1247  Ti6Al4V Capsule 2  

Graphite Capsule - DONE  57 28 0.3143  49 21 ~0.0   

11 6 ~0.0  56 27 0.4125  49 23 0.100   

10 6 0.0  56 28       0.4952  48    21 0.5271   

7 4 12.8054  55 26 0.3186          48 23 1.878   

57 28 0.3846  55 27 0.1728  47    21 4.989   

53 26 0.0  54 25 0.4228  47 23 0.8931   

        52   25 1.6558  52 25       1.8306  46    21 2.25   

51 24 5.2908
* 

        51 24 5.1213          45 20 0.189   

51 25 ~0.0        49 23       0.5508          45    22 5.421   

49 23 1.3177  48 23 2.6838  44 21 7.92   

48 23 1.7065  46 21 0.1846  38 17 0.100   

         47 23 ~0.0         37 18 0.837   

44 21 0.4301  Ti6Al4V Capsule  32 15 0.141   

Silicon Capsule - DONE           18      9 0.108   

11 6 ~0.0  49  23 0.3259        56    27 0.30   

7 4 6.8800  48 21 1.200         55 26 0.225   

22 11 0.2154  48 23 5.9925         55 27 0.180   

24 11 ~0.0  47 21 13.523        53 26 0.885   

58 27 0.1868  46 21 7.4277          52 25 0.975   

57 27 0.1904  45 20 0.6264        51 24   3.00  

57 28 0.4895  44 21 10.7774        49 24 1.196  

        56   27 0.3887  42 19 0.8416      48 23 1.755  
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Table A3.1c Radionuclides and their activity 1-MONTH after EOB produced in all the capsules after 

bombardment with 181 MeV protons for 8 weeks at 165 µA 

Isotope Z Activity, Ci  Isotope Z Activity, Ci  Isotope Z Activity   

Beryllium Capsule – DONE   

 Silicon Capsule (cont.)  Ti6Al4V Capsule 1 (cont.)  

 56 28 <0.01    37 

         

18 

 

1.54 

 

  

 7 4 6.715  55 26 0.3942   

 3 1 0.613  54 25 0.5022  57 27 0.216
 

  

         57   27 0.1518  52 25 0.060          56 27 0.443   

         56    27 0.3888  51 24 2.997  55 26 0.2808   

        55   26 0.270          49 23 0.5686  54 25 0.437   

54 25 0.3904  48 23 1.000  51 24 2.376   

51 24 2.268  46 21 0.216  51 25 0.0000   

51 25 0  ESS Aluminum Capsule  49    23 0.421   

49 23 0.4428  3 1 0.0113  48 23 0.7506   

48 23 0.6966  7 4 0.02  46 21 0.162   

         47 23 0  22 11 0.2674  44 21 ~0   

46 21 0.1  58 27 0.216  Ti6Al4V Capsule 2  

Graphite Capsule - DONE  57 27 0.1188  49 21 ~0.0   

3 1 0.23  56 27 0.324  49 23    

7 4 8.775  56 28 ~0        48    21    

58 27 0.053  55 26 0.307          48 23    

57 27 0.1520  55 27 0  47    21    

56 27 0.356  54 25 0.3964  47 23    

        55   26 0.2754  52 25 ~0        46    21    

54 25 0.342         51 24 2.4786          45 20    

51 24 2.5596        49 23 0.5238                45    22    

49 23 0.405  48 23 0.7668  44 21    

48 23 0.486  46 21 0.1447  38 17    

         46 21 0.1       37 18    

    Ti6Al4V Capsule  32 15    

Silicon Capsule - DONE           18      9    

3 1 0.1134  49  23 0.3081        56    27    

7 4 4.8898  48 21 ~0         55 26    

22 11 0.216  48 23 1.701         55 27    

24 11   47 21 0.035        53 26    

58 27 0.108  46 21 5.852          52 25    

57 27 0.198  45 20 0.5548        51 24   

57 28 ~0  44 21 <0.01        49 24   

        56   27 0,6102  42 19 ~0      48 23   
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Appendix 3B: Phase II Irradiation – Radionuclides in CERN High-Z Capsule (Iridium-TZM) 

 

Table A3.2a Radionuclides and their activity at EOB produced in the CERN High-Z Capsule (Iridium-

TZM) after bombardment with 181 MeV protons for 2 weeks at 165 µA 

 

TZM-Layer  Iridium Layer  All Else  

Isotope Z Activity, Ci  Isotope Z Activity, Ci  Isotope Z Activity   

 Tc 101 43 0.0556  Ir 194 77 0.6000  Cu 64 29 3.6505   

 Mo 101 42 0.0540  Ir 192 77        0.5980  Zn 63 30 0.65745   

Mo 99 42 0.5135  Pt 191 78 1.8300  Cu 62 29 9.2081   

Nb 97 41 0.6081  Ir 190 77 3.3197  Zn 62 30 0.5567   

Nb 96 41 0.4730  Ir 189 77 7.2656  Cu 61 29 4.8996   

Tc 96 43 0.8660  Pt 189 78 3.8920  Cu 60 29 1.003   

Tc 95 43 0.6486  Ir 188 77 11.8848  Co 58 27 0.5819   

Tc 94 43 0.7937  Pt 188 78 2.8118  Ni 57 28 0.5570   

Tc 93 43 1.230  Ir 187 77 14.6600  Co 55 27 0.5584   

    Tc 92 43 0.3300  Pt 187 78 6.6278  Fe 53 26 1.3837   

Mo 91 42 3.3083  Os 185 76 1.4746  Mn 52 25 1.9783   

Nb 90 41 6.0775  Ir 185 77 12.7960  Cr 51 24 2.4227   

Mo 90 42 1.7027  Pt 185 78 2.3524  Mn 51 25 1.3762   

Zr 89 40 5.6800  Ir 184 77 12.7210  Cr 49 24 1.8109   

Nb 89 41 1.7340  Pt 184 78 5.81486  V 48 23 1.6994   

Zr 88 40 0.5024  Re 183 75 1.4406  V 47 23 0.9297   

Nb 88 41 0.6286  Os 183 76 10.8510  Ti 45 22 0.8891   

Y 87 39 3.3350  Ir 183 77 9.7883       

    Zr 87 40 2.4973  Pt 183 78 1.5919  C11 6 1.7803   

Y 86 39 2.8108  Re 182 75 8.9421       

Zr 86 40 1.4773  Os 182 76 9.1464       

Y 85 39 0.91767  Ir 182 77 7.5608       

Sr 83 38 0.52945  Pt 182 78 3.4805       

Iridium Layer  Re 180 75 3.0891       

Re 178 75 1.49135  Os 180 76 2.7120       

Os 178 76 1.1178  Ir 180 77 1.0908       

Ta 177 73 1.02477  Pt 180 78 0.3259       

W 177 74 0.9770  W 179 74 1.5613       

Re 77 75 0.88405  Re 179 75 1.4823       

Os 177 76 0.6108  Os 179 76 1.2108       

Ta 176 73 0.3770  Ta 178 73 0.5540       

W 176 74 0.33978  W 178 74 0.5542       

 

 



 

C-A-OPM 2.1.16.a Page 65 of 76 Revision 00 

 April 21, 2017 

 

 

Table A3.2b Radionuclides and their activity at EOB produced in the CERN High-Z Capsule (Iridium-

TZM) after bombardment with 181 MeV protons for 3 weeks at 165 µA of Phase II (only nuclides higher 

than 1 Ci are listed) 

 

TZM-Layer  Iridium Layer  All Else  

Isotope Z Activity, Ci  Isotope Z Activity, Ci  Isotope Z Activity   

 Tc 96 43 1.041      Cu 64 29 3.372   

 Tc 93 43 1.254           

Mo 91 42 3.2576  Pt 191 78 1.8300  Cu 62 29 9.0543   

Nb 90 41 6.032  Ir 190 77 4.272       

Mo 90 42 1.865  Ir 189 77 9.043  Cu 61 29 4.5584   

Zr 89 40 5.90  Pt 189 78 3.715       

Nb 89 41 1.7533  Ir 188 77 12.334       

Y 87 39 3.442  Pt 188 78 4.522       

Zr 87 40 2.479  Ir 187 77 14.530       

    Y 86 39 2.692  Pt 187 78 4.506  53 26 1.831   

Zr 86 40 1.5609  186 78 6.5446  Mn 52 25 2.468   

    186 77 10.60  Cr 51 24 3.396   

    185 77 13.68  Mn 51 25 1.300   

    Ir 184 77 12.7773  Cr 49 24 1.712   

    Pt 184 78 5.958  V 48 23 2.197   

    Re 183 75 1.4406       

    Os 183 76 11.54134       

    Ir 183 77 10.8027       

        Pt 183 78 1.9096  C11 6 1.204   

    Re 182 75 8.46486       

    Os 182 76 8.34756       

    Ir 182 77 6.900       

    Pt 182 78 2.8973       

  181 75 5.4324       

    181 76 4.2986       

    181 77 3.3967       

    180 75 3.092       

    180 76 2.719       

    179 74 1.8122       

    179 75 1.7606       

    179 76 1.290       

    178 75 1.167       
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Table A3.2c Radionuclides and their activity ONE DAY after EOB produced in the CERN High-Z 

Capsule (Iridium-TZM) after bombardment with 181 MeV protons for 2 weeks at 165 µA of Phase II 
 

TZM-Layer   Iridium Layer   All Else   

Isotope Z Activity, Ci  Isotope Z Activity, Ci  Isotope Z Activity   

 Tc 101 43   Ir 194 77 0.2214  Cu 64 29 0.9775   

 Mo 101 42   Ir 192 77    0.5737      Zn 63 30 ~0   

Mo 99 42   Pt 191 78 1.3975  Cu 62 29 0.1404   

Nb 97 41   Ir 190 77 2.8107  Zn 62 30 0.1356   

Nb 96 41 0.1711  Ir 189 77 6.7878  Cu 61 29 0.0280   

Tc 96 43 0.6337  Pt 189 78 0.9504  Cu 60 29 ~0   

Tc 95 43 0.2919  Ir 188 77 9.2629  Co 58 27 0.5940   

Tc 94 43 ~0  Pt 188 78 3.4776  Ni 57 28 0.26162   

Tc 93 43 ~0  Ir 187 77 3.1341  Co 55 27 0.081   

    Tc 92 43 0  Ir 186 77 4.1834  Fe 53 26 0   

Mo 91 42 0  Os 185 76 1.404  Mn 52 25 0.0200   

Nb 90 41 2.3840  Ir 185 77 4.071  Cr 51 24 0.2000   

Mo 90 42 0.1000  Pt 185 78 ~0  Mn 51 25 ~0   

Zr 89 40 5.2785  Ir 184 77 0.0642  Cr 49 24 ~0   

Nb 89 41 ~0  Pt 184 78 ~0  V 48 23 0.0807   

Zr 88 40 0.5500  Re 183 75 1.300  V 47 23 0   

Nb 88 41 0  Os 183 76 2.7783  Ti 45 22 0   

Y 87 39 2.2600  Ir 183 77 ~0       

    Zr 87 40 ~0  Pt 183 78 0  C11 6    

Y 86 39 1.3840  Re 182 75 7.938       

Zr 86 40 0.5084  Os 182 76 4.1445       

Y 85 39 ~0  Ir 182 77 0       

Sr 83 38 0.2087  181 75 3.3400       

Iridium Layer  180 75 0       

Re 178 75 0  Os 180 76 0       

Os 178 76 0  Ir 180 77 0       

Ta 177 73 0.7465  Pt 180 78 0       

W 177 74 ~0  W 179 74 ~0       

Re 77 75 0  Re 179 75 0       

Os 177 76 0  Os 179 76 0       

Ta 176 73 ~0  Ta 178 73 0.6113       

W 176 74 ~0  W 178 74 0.6110       
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Table A3.1d Radionuclides and their activity ONE MONTH after EOB produced in the CERN High-Z 

Capsule (Iridium-TZM) after bombardment with 181 MeV protons for 2 weeks at 165 µA of Phase II 
 

TZM-Layer   Iridium Layer   All Else   

Isotope Z Activity, Ci  Isotope Z Activity, Ci  Isotope Z Activity   

 Tc 101 43   Ir 194 77 0.0  Cu 64 29 ~0   

 Mo 101 42   Ir 192 77    0.443      Zn 63 30 ~0   

Mo 99 42   Pt 191 78 ~0.0  Cu 62 29 ~0   

Nb 97 41 ~0  Ir 190 77 0.590  Zn 62 30 ~0   

Nb 96 41 ~0  Ir 189 77 6.7878  Cu 61 29 ~0   

Tc 96 43 ~0  Pt 189 78 0.  Cu 60 29 ~0   

Tc 95 43 ~0  Ir 188 77   Co 58 27 0.4325   

Tc 94 43 ~0  Pt 188 78   Ni 57 27 0.1647   

Tc 93 43 ~0  Ir 187 77   Co 56 27 0.12312   

    Tc 92 43 0  Ir 186 77   Fe 53 26 0   

Mo 91 42 0  Os 185 76 1.188  Mn 52 25 0.00100   

Nb 90 41 0  Ir 185 77 0  Cr 51 24 0.092   

Mo 90 42 0  Pt 185 78 ~0  Mn 51 25 ~0   

Zr 89 40 0.001  Ir 184 77 0  Cr 49 24 ~0   

Nb 89 41 ~0  Pt 184 78 ~0  V 48 23 ~0   

Zr 88 40 0.4500  Re 183 75 1.1766  V 47 23 0   

Nb 88 41 0  Os 183 76 0  Ti 45 22 0   

Y 87 39   Ir 183 77 ~0       

    Zr 87 40 ~0  Pt 183 78 0  C11 6    

Y 86 39   Re 182 75 <0.001       

Zr 86 40   Os 182 76 ~0       

Y 85 38 0.018  Ir 182 77 0       

Sr 83 38 ~0  181 74 0.3712       

Iridium Layer  180 75 0       

Re 178 75 0  Os 180 76 0       

Os 178 76 0  Ir 180 77 0       

Ta 177 73 ~0  Pt 180 78 0       

W 177 74 ~0  W 179 74 ~0       

Re 77 75 0  Re 179 75 0       

Os 177 76 0  Os 179 76 0       

Ta 176 73 ~0  Ta 178 73 ~0       

W 176 74 ~0  W 178 74 ~0       
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Table A3.2e:  Radionuclides and their activity FOUR MONTHS after EOB produced in the CERN 

High-Z Capsule (Iridium) after bombardment with 181 MeV protons for 2 weeks at 165 µA of Phase II 
 

TZM-Layer   Iridium Layer   All Else   

Isotope Z Activity, Ci  Isotope Z Activity, Ci  Isotope Z Activity   

 Tc 101 43   Ir 194 77 0  Cu 64 29    

 Mo 101 42   Ir 192 77    0.1892      Zn 65 30 <0.002   

Mo 99 42 0  Pt 191 78 ~0  Cu 62 29 0   

Nb 97 41   Ir 190 77 <0.01  Zn 62 30 0   

Nb 96 41 0  Ir 189 77 <0.01  Cu 61 29 0   

Tc 96 43 ~0  Pt 189 78 0  Cu 60 29 ~0   

Tc 95 43 <0.002  Ir 188 77 0  Co 58 27 0.18   

Tc 94 43 ~0  Pt 188 78 0  Co 56 27 0.161   

Tc 93 43 ~0  Ir 187 77 0  Co 57 27 .184   

    Tc 92 43 0  Ir 186 77 0  Fe 55 26 0.108   

Mo 91 42 0  Os 185 76 0.6101  Mn 54 25 0.12   

Nb 90 41 <0.002  Ir 185 77 0  Cr 51 24 0.1296   

Mo 90 42 0  Pt 185 78 ~0  Mn 51 25 ~0   

Zr 89 40 ~0  Ir 184 77 0  Cr 49 24 ~0   

Nb 89 41 ~0  Pt 184 78 ~0  V 49 23 0.1242   

Zr 88 40 0.18  Re 183 75 0.486  V 47 23 0   

Y 88 39 0.2  Os 183 76 0  Ti 45 22 0   

Y 87 39 ~0  Ir 183 77 ~0       

    Zr 87 40 ~0  Pt 183 78 0  C11 6 1.2042   

Y 86 39 0  Re 182 75 0.0       

Zr 86 40 0  Os 182 76 0.0       

Y 85 39 ~0  Ir 182 77 0       

Sr 85 38 0.07  181 74 0.222       

Iridium Layer  180 75 0       

Re 178 75 0  Os 180 76 0       

Os 178 76 0  Ir 180 77 0       

Ta 177 73 ~0  Pt 180 78 0       

W 177 74 ~0  W 179 74 ~0       

Re 77 75 0  Re 179 75 0       

Os 177 76 0  Os 179 76 0       

Ta 176 73 ~0  Ta 178 73 <0.01       

W 176 74 ~0  W 178 74 <0.01       
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Table A3.2f Radionuclides and their activity at 4 month decay produced in the CERN High-Z Capsule 

(Iridium-TZM) after bombardment with 181 MeV protons for 3 weeks at 165 µA of Phase II. Total 

activity after 4 month decay is estimated to be 5.1436 Ci. 

 

TZM-Layer  Iridium Layer  All Else  

Isotope Z Activity, Ci  Isotope Z Activity, Ci  Isotope Z Activity   

 Tc 96 43 ~0.0  192 77 0.2845  Cu 64 29 0.0   

 Tc 93 43 0.0           

Mo 91 42 0.0  Pt 191 78 ~0.0  Cu 62 29 0.0   

Nb 90 41 0.0  Ir 190 77 <0.01       

Mo 90 42 0.0  Ir 189 77 <0.01  Cu 61 29 0.0   

Zr 89 40 ~0.0  Pt 189 78 0.0       

Nb 89 41 0.0  Ir 188 77 <0.01       

Y 87 39 ~0.0  Pt 188 78 <0.01       

Zr 87 40 0.0  Ir 187 77 0.0       

    Y 86 39 ~0.0  Pt 187 78 0.0  53 26 0.0   

Zr 86 40 ~0.0  186 78 0.0  Mn 52 25 ~0.0   

    186 77 0.0  Cr 51 24 0.0015   

88 39 0.303  185 76 0.916  Mn 51 25 0.0   

88 40 0.279  Ir 184 77 0.0  Cr 49 24 0.0   

    Pt 184 78 0.0  V 48 23 <0.001   

    Re 183 75 0.718       

    Os 183 76 0.0       

    Ir 183 77 0.0       

        Pt 183 78 0.0  C11 6 0.0   

    Re 182 75 ~0.0       

    Os 182 76 0.0       

    Ir 182 77 0.0       

    Pt 182 78 0.0       

  181 74 0.3152       

    181 76 0.0       

    181 77 0.0       

    180 75 0.0       

    180 76 0.0       

    179 73 0.035       

    179 74 0.0       

    179 76 0.0       

    178 75 0.0       
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Appendix A4 – Details of Capsule Contents 
 

 
 

Beryllium Capsule 1 

 

Capsule consists of straight bars in layers and tensile specimen layers. Total material thickness is 8mm. 

The stainless steel windows are 0.009” thick. 
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Figure A3.1: Beryllium capsule contents 

 

A3.1 - Graphite Capsule 2 

 

  

 

Figure A3.2: Graphite capsule contents/modelling details 

 

 

Figure A3.3a: Silicon capsule contents/modelling details 
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Filler: IG-430U (Toyo Tanso) of density; 1.82g/cc 

 

Figure A3.3b: Silicon capsule contents/modelling details 

  

 

Figure A3.4a: Aluminum capsule contents/modelling details 
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Figure A3.4b: Aluminum capsule content assembly 

 
 

 

 

Figure A3.5a: Ti6Al4V #1 capsule content assembly 

 

 



 

C-A-OPM 2.1.16.a Page 74 of 76 Revision 00 

 April 21, 2017 

 

 

 

  
Cross Section of CERN High Z Target Capsule #6 

 

Figure A3.6: High Z TZM Capsule (CERN) content assembly 

 

 

 

 
 



 

C-A-OPM 2.1.16.a Page 75 of 76 Revision 00 

 April 21, 2017 

 

 

Appendix 4 - Drawings 

Drawings of all nine (9) capsule holders (7 for target capsules and 2 for vacuum degraders) 

including the two vacuum degrader capsules have been designed by the C-AD design room and 

have been signed off. The Figure below (4.1) depicts the modified design of the baseline holder 

which is introduced for all the capsules and the two vacuum degraders to prevent the rotation of 

the capsule during irradiation.  

 

 

Drawing 5.1: Capsule Holders (adhering to newest design of holders used at BLIP) 
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Drawing 5.2: Design of Vacuum degraders (Phase I & II) depicting window thicknesses 

   


